We document the 20-yr-long research effort to study the transport of N and P to surface and groundwater in Goodwater Creek Experimental Watershed. We also document related efforts in nearby claypan watersheds and watersheds with contrasting soil and hydrologic conditions across the northern Missouri-southern Iowa region. Details of the analytical methods, instrumentation, method detection limits, and quality assurance program used to generate the data are described along with a brief overview of significant findings. Nutrient concentrations in streams were in the range associated with nuisance algal growth and presumed loss of aquatic invertebrate diversity. Incorporation of fertilizers was shown to be the most effective practice for reducing nutrient transport in runoff. Despite the claypan soils, NO 3 − leaching was a major fate for fertilizer N, and significant contamination of the glacial till aquifer has occurred when long-term fertilizer and manure N inputs exceeded crop N requirements. A key finding of these studies was that field areas with the poorest crop growth were also the most vulnerable to nutrient as well as sediment and herbicide transport.
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Because of concerns about excessive nutrient transport in agricultural watersheds, the Goodwater Creek Experimental Watershed (GCEW) began monitoring nutrient concentrations at plot, field, and watershed scales in 1991 as part of the Management Systems Evaluation Areas project (Ward et al., 1994) . The GCEW represents a runoff-prone hydrologic setting that exacerbates the surface transport of nutrients (Lerch et al., 2015a) . However, in contrast to herbicide transport in claypan soils, preferential flow and soil matrix storage can facilitate significant NO 3 − leaching to groundwater in this setting (Blevins et al., 1996; Lerch et al., 2005) . During the last 20 yr, studies evaluating the transport of dissolved N and P species in surface and groundwater have included a regional-scale assessment of 153 streams in northern Missouri and southern Iowa (Blanchard and Lerch, 2000) , long-term monitoring of Goodwater Creek at three sites (Baffaut et al., 2009) , and field- (Kitchen et al., 1997; Lerch et al., 2005) and plot-scale (Blevins et al., 1996; Kitchen et al., 1998) assessments of grain cropping systems. Lerch (2011) also monitored total and dissolved N and P species in two cave streams of the Bonne Femme watershed, an area of karst topography with claypan soils.
Nutrient water quality data were collected in the GCEW at plot, field, and watershed scales from 1991 to 2010. These data are available through Sustaining the Earth's WatershedsAgricultural Research Data System (STEWARDS) (http:// www.nrrig.mwa.ars.usda.gov/stewards/stewards.html). Related data sets encompassing larger scales and a greater diversity of soil and hydrologic settings compared with the GCEW are also available for the northern Missouri and southern Iowa region, the SRB, and two cave streams in the Bonne Femme watershed. The SRB data are also available in STEWARDS, and the regional and cave stream data are available in the supplemental material. A brief overview here synthesizes the significant results from this long-term research effort.
Data Documentation

Analytical Methods and Instrumentation
Analytical methods for the determination of dissolved and total N and P species in water used some form of automated colorimetry using flow injection or discrete analyzers. Dissolved N and P species routinely analyzed included NH 4 -N, NO 3 -N, and PO 4 -P. Total N and P concentrations in water were determined by persulfate digestion (Menzel and Corwin, 1965; Nydahl, 1978) , which converts organic N and P to NO 3 − and PO 4 3− , respectively. Colorimetric methods used for the determination of the dissolved species were commonly used methods that have been developed, tested, and verified over decades by many researchers and laboratories (Solorzano, 1969; Harwood and Kühn, 1970; Verdouw et al., 1978; American Public Health Association, 1992a , 1992b , 1992c . Laboratory standard operating procedures for these methods were based on those provided by the instrument manufacturers (see below) or as described in American Public Health Association (1992a Association ( , 1992b Association ( , 1992c . Further details of the analytical methods are provided in the supplemental materials. Sample preparation for dissolved N and P species entailed filtering through 0.45-mm nylon syringe filters to remove suspended sediment. Sample preservation was achieved by acidification with H 2 SO 4 to pH 2 or by freezing, depending on the study. Concentrations of all dissolved and total N and P species were reported on an elemental basis. A list of the analytes, methods, and detection limits are included in Table 1 .
Three instruments were mainly used for analyses: instrument, also a Lachat QuikChem AE, was used from 2005 to 2007 for analysis of samples from the SRB and was operated by Midwest Environmental Consultants (Columbia, MO). The Technicon and Lachat systems were flow injection analyzers, and the Konelab system is a discrete analyzer. Changes in instrumentation were made to improve sample throughput, reduce chemical waste, and in some cases improve detection limits. In addition, a study comparing concentrations of the dissolved N and P species between the USDA -ARS-operated Lachat QuikChem AE and the Konelab Aquakem 200 found that differences in mean concentration were within 5% or less for all three analytes. A brief summary of the studies reporting nutrient data, along with the specific nutrient species, years, and locations for which data were obtained, is provided in Table 2 .
Quality Assurance
Quality assurance (QA) samples were incorporated as part of all field studies and included duplicate, spike, and blank samples. Acceptable duplicate precision for all nutrient analyses was originally established as 20%, based on the equation of Lerch et al. (2015b) . Beginning with the use of the Konelab Aquakem 200, the duplicate precision was reduced to 10%. If acceptable duplicate precision was not obtained after several tries, data from the most precise pair were reported and flagged. Results not meeting the QA criteria were flagged for internal review. In many cases, samples were reanalyzed and the QA criteria were met. If the results were unacceptable after reanalysis, the data were not included in the STEWARDS database. Field blanks were handled as described by Lerch et al. (2015b) . Final sample concentrations were corrected if the apparent blank concentrations were greater than the zero concentration standard used for instrument calibration. For dissolved N and P species, appropriate salts (e.g., KNO 3 ) were used to prepare the spike solutions at environmentally relevant concentrations based on the season. For total N and P, spikes were prepared with certified organic standards acquired from SPEX CertiPrep.
Study Sites
The location, scale, site descriptions, and number of samples collected for research projects assessing nutrient water quality Kitchen et al. (1997 Kitchen et al. ( , 1998 Kitchen et al. ( , 2015 ; Blanchard and Lerch (2000) ; Lerch et al. (2005 Lerch et al. ( , 2015a were the same as those described by Lerch et al. (2015b) Supplemental Table S1 . Large-scale studies assessed the effects of prevailing practices and watershed factors on nutrient transport to streams, while field-and plot-scale studies determined the effect of specific cropping systems or nutrient management practices on transport in surface runoff. Study sites included up to 153 streams in the northern Missouri-southern Iowa region (see Fig. 2 in Lerch et al., 2015b) , 12 sites in the SRB (Fig. 1) , stream, field, and plot sites in the GCEW (Fig. 2 and 3) , and the two cave streams on the southern fringe of Major Land Resource Area (MLRA) 113 (Central Claypan Areas) (Fig. 1) . Additional details of the studies and sampling techniques used for studies outside of the GCEW were described by Blanchard and Lerch (2000) and Lerch and Blanchard (2003) for the northern Missouri-southern Iowa streams and Lerch (2011) for the cave streams.
Within the GCEW, three nested watersheds and three fields were instrumented with V-notch weirs and automated samplers to collect runoff samples at equal flow intervals (Fig.  3) . At the stream sites (Weirs 1, 9, and 11; Fig. 2 ), base-flow grab samples were collected weekly except during runoff events or under no-discharge conditions. Additional details of studies conducted in the GCEW were described by Ghidey et al. (2005 Ghidey et al. ( , 2010 , Lerch et al. (2011) , Baffaut et al. (2013) , and Lerch et al. (2015a) . Because of the high risk that NO 3 − will leach to groundwater, an emphasis was placed on the analysis of nutrients in groundwater samples from the network of 97 wells within the GCEW (Supplemental Table S2 ). Seventy-two of the wells were adjacent to or within the three research field sites, and 25 wells were distributed throughout the watershed (Fig. 2) . The wells were sampled quarterly from 1991 to 1996, semiannually from 1997 to 2002, and then annually from 2003 to the present.
Three semiannual sets of samples were collected in 2007 and 2008 from the 25 wells at the Field 1 site. Seventy-two of the wells were decommissioned in 2005 and 2006, and the 25 wells associated with Field 1 continue to be sampled annually.
Data Availability
As described for the herbicide data (Lerch et al., 2015b) , all nutrient data from 1991 to 2010 collected from sites within the GCEW and from the 12 stream sites within the SRB are currently available through STEWARDS, and a navigation aid for STEWARDS is provided in the supplemental material. The two additional data sets from the northern Missouri-southern Iowa streams and the cave streams were described by Lerch et al. (2015b) and are available online as Excel files and designated here as the northern Missouri stream data file (Lerch et al., 2014b) and cave stream data file (Lerch et al., 2014a 
Overview of Significant Findings
This overview provides a brief summary of previously published findings (Table 2 ) regarding the transport of nutrients to surface and groundwater and the assessment of crop management practices or cropping systems that may reduce this transport. Spatially and temporally intensive stream monitoring studies have elucidated the extent and seasonality of nutrient transport and also provided insight into watershed characteristics (soils, hydrology, and land use) that control it. At field and plot scales, studies were designed to assess the impact of specific crop management practices, the overall effect of cropping systems, and the variation in soil properties at the landscape scale on N and P transport in surface runoff and to the shallow loess and glacial till aquifers of claypan soils.
Nutrient Transport to Streams
In the GCEW, Baffaut et al. (2009) . For all three nutrient species, concentrations were highest at the smallest scale site (Weir 11; Fig. 2 ). Annual nutrient loads showed that the majority of NH 4 -N and NO 3 -N were transported from January to June, while PO 4 -P loads were more evenly distributed throughout the year. More than 90% of the annual loads were associated with storm events for all three nutrient species. For NH 4 -N, the unit area loads at the smallest scale were more than three times that of the intermediate and largest scale monitoring sites. Similar results were reported for PO 4 -P unit area loads. The headwaters of the GCEW encompasses a portion of the town of Centralia, MO, including a wastewater treatment lagoon and homes with on-site sewage treatment that apparently contributed to the significantly higher NH 4 -N and PO 4 -P loads at the Weir 11 site (Fig. 2) compared with the two downstream sites. Although only 2% of the GCEW has urbanized land cover, Centralia was apparently a significant contributor to the watershed's nutrient loads. Lerch (2011) reported concentrations of N and P species in two cave streams based on continuous monitoring from 1999 to 2002. Median concentrations of dissolved N and P species were similar to the range reported by Baffaut et al. (2009) ). Median total nutrient concentrations in the cave streams were 1.3 to 2.0 mg L −1 for total N and 0.17 to 0.33 mg L −1 for total P. Dissolved nutrient concentrations were within the range of the 75th percentile concentrations for streams in the Central Irregular Plains ecoregion, but the total N and P concentrations of the cave streams exceeded that range (Missouri Department of Natural Resources, 2005) . Nutrient loads in both cave streams showed that the greatest proportion of total N and P transport occurred during the first and second quarters of the year in concurrence with the majority of the stream flow.
At the regional scale, Blanchard and Lerch (2000) showed that pre-and post-plant median NO 3 -N concentrations in streams decreased from west to east across the northern Missouri-southern Iowa region. This trend reflected the changes in land use and soil properties across the study area. From 1994 -N concentrations at post-plant for streams in the northwestern portion of the study area had median concentrations ranging from 3.8 to 8.2 mg L −1 , but streams in north-central and northeastern Missouri were generally <2.0 mg L −1 . For watersheds in northwestern Missouri, the combination of high fertilizer N inputs and well-drained soils has contaminated the alluvial aquifers recharging the streams in these loess watersheds (Sievers and Fulhage, 1992) , leading to greater stream water contamination than was observed in streams of north-central and northeastern Missouri. Concentrations of PO 4 -P and NH 4 -N at post-plant were similar across the region, with median concentrations of 0.05 mg L −1 for PO 4 -P and 0.04 mg L −1 for NH 4 -N (unpublished data, 1994, 1995) . Overall, these monitoring studies showed that nutrient concentrations and associated loads in streams of the claypan soil areas were low to moderate compared with other streams in the region, especially those watersheds with predominantly well-drained soils and very high row-crop intensity (Blanchard and Lerch, 2000) . However, based on proposed nutrient criteria (Missouri Department of Natural Resources, 2005; USEPA, 2000) , the GCEW and most of the northern Missouri-southern Iowa streams are ecologically impaired to some degree, with observed nuisance algal growth and presumed loss of aquatic invertebrate diversity (Blanchard and Lerch, 2000; Baffaut et al., 2009) . This generalization was supported in 2006 and 2007 when taste and odor problems associated with algae blooms were reported by the drinking water treatment plant at Mark Twain Lake (Fig. 1) . Nutrient loadings from the Salt River tributaries were implicated as the cause of the excessive algal growth (Baffaut et al., 2009 ). In the cave streams, loss of invertebrate diversity has probably occurred due to the persistently high N and P concentrations (Lerch, 2011) .
Nutrient Transport in Surface Runoff
All of the studies discussed below were conducted at the field and plot scales within the GCEW ( Fig. 2 and 3 ; Supplemental Table S1 ). One of the initial studies was a 15 N-labeled experiment in which N transport and fate were measured using a 400-m 2 tracer plot instrumented to account for all hydrologic flow paths as well as facilitate corn (Zea mays L.) growth and N uptake (Blevins et al., 1996) . After two growing seasons, the results showed that <2% of the 15 N was accounted for in surface runoff, 5% remained in the unsaturated zone, 30% reached the saturated zone, 28% was removed by the grain, and the remaining ?35% was apparently lost as gaseous forms. These results highlighted that the claypan was not a significant impediment to NO 3 − leaching. Subsequent multiyear studies at the field scale reported losses of inorganic N in surface runoff to be in the range of 3.2 to 6.0% of applied fertilizer N Lerch et al., 2005) , and average losses of PO 4 -P were 1.3% of applied fertilizer P . Annual unit area loads for years in which fertilizer N and P were added to corn ranged from 6.34 to 15.8 kg NO 3 -N ha , and 0.10 to 1.09 kg PO 4 -P ha −1 . The average nutrient loss rates in runoff, including nonapplication years, were generally greater for these claypan fields compared with studies conducted in other areas of the Corn Belt . Factors affecting losses of inorganic N and P to surface runoff included the timing of runoff events relative to application, fertilizer input mass, crop growth, runoff volume, soil incorporation, and soil pH in the case of PO 4 -P Lerch et al., 2005) . Concentrations and unit area loads of inorganic N and P in runoff were always highest when events occurred within days to a few weeks of application, and 75% or more of the annual losses occurred within 6 wk of fertilizer application . Mechanical incorporation of broadcast granular fertilizer or incorporation of anhydrous NH 3 by knifing achieved significant reductions in N losses in runoff compared with unincorporated granular fertilizer . By placing a significant proportion of the added fertilizer below the runoff mixing zone, substantial reductions in contaminant transport were realized. Thus, incorporation of fertilizers and herbicides (Lerch et al., 2015b ) is an effective management practice for reducing contaminant transport from these high-runoff-potential soils.
Nutrient Transport to Groundwater
Despite the high runoff potential of claypan soils, they are also vulnerable to NO 3 − leaching and contamination of shallow groundwater. Groundwater studies on claypan soils have consistently demonstrated that application of fertilizer N and manure has contaminated the glacial till aquifer (Blevins et al., 1996; Kitchen et al., 1997 Kitchen et al., , 1998 Kitchen et al., , 2015 Lerch et al., 2005) . As mentioned above, after gaseous loss to the atmosphere, the most important environmental fate pathway for N in these soils was movement into the saturated zone (Blevins et al., 1996) . Significant NO 3 − contamination of groundwater has resulted from historic N inputs in the GCEW, especially at the Field 3 location at which median NO 3 -N concentrations exceeded 10 mg L −1 due to long-term manure applications (Kitchen et al., 1997) . Samples collected from 1991 to 1996 showed that the average NO 3 -N concentrations in the 75 wells (25 at each of the three field sites; Fig. 2 ) were 7 mg L −1 and 25% of the wells exceeded the 10 mg L −1 drinking water standard (Kitchen et al., 1997) . In addition, N management practices, such as incorporation, banding, or reduced rates, had little impact on the extent of NO 3 − leaching in a study conducted on the plots adjacent to Field 1 (Fig. 2 and 3A) (Kitchen et al., 1998) . Pan lysimeters installed to a depth of 91 cm in three cropping systems showed highly variable concentrations of NO 3 -N, indicating that management effects were masked by the highly site specific hydrologic conditions controlling NO 3 − transport in these soils (Kitchen et al., 1998) . From 1991 to 2003, the average groundwater NO 3 -N concentration of 25 wells at Field 1 was 5.2 mg L −1 . Nitrate concentrations were unrelated to the well depth, and most wells showed little change in concentration with time. However, two wells showed a rise and fall in NO 3 -N concentration around 2002 and another well at the 2.7-m depth that had been consistently <5 mg L −1 for 8 yr increased to >40 mg L −1 from 2000 to 2003 . These results were consistent with previous research (Blevins et al., 1996; Kitchen et al., 1998) in which it was proposed that NO 3 -N storage becomes stratified in the glacial till aquifer and water movement predominantly occurred by preferential flow through fractures. An additional factor related to the changes in groundwater NO 3 -N concentration at Field 1 was the amount of N remaining in the topsoil during the growing season (i.e., residual soil N). Patterns of residual soil N within and immediately after the growing season showed that the highest concentrations were associated with sideslopes and the depositional area at the north end of the field Lerch et al., 2005) . In dry years, the sideslopes accumulated N because of poor crop growth, and in wet years, the depositional area accumulated N due to transport by runoff. The sideslopes have shallow depths to the claypan and overall poor crop growth conditions as a result of the long-term erosion patterns on the field , leading to economic losses, especially for corn (Kitchen et al., 2005b) . These same areas also disproportionately contribute to sediment and herbicide loss within the field (Mudgal et al., 2012) . These findings represented the convergence of two research paths-one studying the factors affecting crop growth and profitability across landscapes (Kitchen et al., , 2005a (Kitchen et al., , 2005b and the other studying soil and landscape factors controlling the hydrologic transport of contaminants (Ghidey et al., 1997; Lerch et al., 2005; Mudgal et al., 2012) . The key result was the realization that the management of marginal crop lands to improve profitability could also lead to improved soil and water quality.
